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Background:  The  aim  of  this  study  was  to validate  the accuracy  of  three-dimensional  (3D)  speckle  tracking
echocardiography  (STE)  and  two-dimensional  (2D)-STE  for the  assessment  of  left  atrial  (LA)  volume  and
function  by comparison  with  3D-computed  tomography  (CT)  performed  on  the  same  day  as  STE.
Methods:  LA phasic  volume  and  emptying  function  (EF)  were  measured  in  28  patients  with  paroxysmal
atrial  ﬁbrillation  undergoing  catheter  ablation  (62  ± 11  years  old)  using  both  3D-STE  and 2D-STE  during
sinus  rhythm.  LA  phasic  volume  and  function  measured  by  3D-STE  and 2D-STE  were  validated  using
3D-CT  as a  gold  standard.
Results: The  intraobserver  correlation  coefﬁcient  and  variability  in maximum  LA volume  assessed  by
3D-STE were  0.99  and  1.4 ±  6.0%,  respectively.  The  interobserver  correlation  coefﬁcient  and  variability
in  maximum  LA volume  assessed  by 3D-STE  were  0.99  and 0.2 ± 4.5%,  respectively.  There  were  strong
correlations  between  LA  phasic  volume  measured  by 3D-CT  and  those  measured  by  3D-STE  (r  =  0.98,
p <  0.001).  There  were  correlations  between  LA phasic  function  measured  by 3D-CT  and those  measured
by  3D-STE  (r  = 0.85–0.88,  p  <  0.001).  There  was  a better  agreement  between  3D-CT  and  3D-STE  in the
assessment  of  LA  phasic  volumes  and  function  than  between  3D-CT  and 2D-STE  in apical  2-  and  4-chamber
view.
Conclusions:  3D-STE  allows  more  accurate  measurement  of LA  volume  and  function  than  2D-STE  and  has
high  reproducibility.
©  2013  Japanese  College  of  Cardiology.  Published  by Elsevier  Ltd.  All  rights  reserved.ntroductionLeft atrial (LA) volume and function are thought to reﬂect left
entricular (LV) diastolic function and may  serve as useful pre-
ictors of cardiovascular outcomes [1–3]. Thus, assessment of LA
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ttp://dx.doi.org/10.1016/j.jjcc.2013.03.011volume and function is important in the clinical setting. Recently,
two-dimensional speckle tracking echocardiography (2D-STE) has
been used to evaluate LA structure and function using Simp-
son’s method with the assumption of uniform geometry [4–6].
However, since cardiac motion is three-dimensional, 2D-STE is
limited by the geometrical assumptions required to use Simp-
son’s method [5]. In contrast, three-dimensional speckle tracking
echocardiography (3D-STE) has a major advantage in that there is
improved accuracy in the evaluation of cardiac chamber volume
without any geometrical assumptions [5–8]. For the left ventricle,
3D-STE was  shown to be superior to 2D-STE for the measurement of
LV volume and function [5–8]. However, there has been no study
vier Ltd. All rights reserved.
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f LA structure and function using 3D-STE. A previous validation
tudy using a phantom reported that LA volume obtained by 3D-
omputed tomography (CT) was signiﬁcantly correlated with true
A volume (r = 0.97, p < 0.05) and LA volume measured by 3D-CT
as an accurate and feasible method [9]. Therefore, the purpose of
his study was  to validate the accuracy of 3D-STE for the measure-
ent of LV volume and function using 3D-CT as a gold standard.
ethods
tudy population and study protocol
LA phasic volume (maximum, pre-atrial contraction, and mini-
um  volume) and LA phasic emptying function (EF) (total, passive,
nd active EF) in 28 patients with paroxysmal atrial ﬁbrilla-
ion undergoing catheter ablation (19 men, mean age 62 ± 11
ears) were measured using both 3D-STE and 2D-STE during sinus
hythm. Exclusion criteria were severe mitral regurgitation or
tenosis, previous mitral valve surgery, permanent cardiac pace-
aker implantation, elevated creatinine (>1.5 mg/dl), and iodine
llergy. In addition, 2 subjects were excluded from the study
ecause of poor echocardiographic recordings due to severe obe-
ity or emphysema. LA phasic volume and function measured by
D-STE and 2D-STE in apical 2- and 4-chamber view were com-
ared with the values measured by enhanced 3D-CT performed on
ig. 1. Representative image of two-dimensional speckle tracking echocardiography and
train  curve (%); broken line: time–left atrial volume curve (ml).iology 62 (2013) 188–194 189
the same day as a gold standard in a blind manner to validate the
STE measurement.
We calculated LA phasic function from time–LA volume curves
during sinus rhythm. The time–LA volume curves were constructed
in the apical 2- and 4-chamber views using 2D-STE and in the
apical view using 3D-STE. These echocardiographic parameters
measured by 3D-STE were compared with those obtained by
2D-STE from the apical 2- and 4-chamber views. LA total EF (reser-
voir function) was  deﬁned as (maximum LA volume − minimum
LA volume)/maximum LA volume × 100%. LA passive EF (conduit
function) was  deﬁned as (maximum LA volume − pre-atrial con-
traction LA volume)/maximum LA volume × 100%. LA active EF
(booster pump function) was deﬁned as (pre-atrial contraction
LA volume − minimum LA volume)/pre-atrial contraction LA vol-
ume  × 100%. Furthermore, LV ejection fraction, LV mass, and E/e′
were measured. Measurements were made using criteria recom-
mended by the American Society of Echocardiography [10]. LV
mass and LA volumes were indexed to body surface area. LV
ejection fraction was  calculated using Teichholz formula by M-
mode echocardiography. LV mass was calculated at end diastole
using the following formula: LV mass = 0.8 × 1.04 × [(LV dimen-
sion + LV posterior wall thickness + LV septal wall thickness)3 − LV
dimension3] + 0.6. Tissue Doppler measurement of mitral e′ wave
velocity was  made at the septal annulus. The present study was
approved by the ethics committee of our institution and informed
consent was  obtained from all patients before enrollment.
 three-dimensional speckle tracking echocardiography. Solid line: time–left atrial
1 f Cardiology 62 (2013) 188–194
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easily and rapidly obtained from the time–LA volume curve in
about 1 min  (Fig. 1). There were strong correlations between LA
phasic volume measured by 3D-CT and those measured by 3D-STE
(r = 0.98, p < 0.001). There were strong correlations between LA
Table 1
Clinical and conventional echocardiographic parameters.
n = 28
Age, years 62 ± 11
Men, n (%) 19 (68)
Diabetes mellitus, n (%) 5 (18)
Hypertension, n (%) 19 (68)
BSA, m2 1.72 ± 0.18
Systolic BP, mmHg  131 ± 15
Diastolic BP, mmHg  78 ± 11
Heart rate, beat/min 70 ± 14
LV mass index, g/m2 97 ± 23
LVEF, % 63 ± 9
LAD, mm 40.4 ± 6.9
E/e′ 10.3 ± 2.490 M. Nagaya et al. / Journal o
wo-dimensional and three-dimensional speckle tracking
chocardiography
3D-STE (Artida, Toshiba Medical Systems, Tochigi, Japan)
an provide a time–LA volume curve with a frame rate of
0–40 frames/s as well as 2D-STE (Fig. 1). First, 2D-STE was per-
ormed using a PST-30BT with 2–4.8 MHz  phased-array transducer
Toshiba Medical Systems) to obtain 2D data sets in each patient.
hen, 3D-STE was performed using a PST-25SX with 2–4 MHz
hased array matrix transducer (Toshiba Medical Systems). This
atrix transducer, which was originally developed to assess LV
olume and function can scan a user selected volume that can be
djusted from 15 × 15 to 110 × 110 degrees [5–8,11]. We  applied
his technique to assess LA volume and function. The volume data
ere stored in raw data format for further analysis. Each 3D data
et of left atrium was displayed in multiple planes view including
he apical 2- and 4-chamber views. The examiner then set several
arkers on the LA endocardium in the apical 4-viewing planes.
he ﬁrst marker was set at the edge of the septal mitral valve
ing and then markers were placed in a counter-clockwise rota-
ion around the LA to the lateral mitral valve ring in the 4-chamber
iewing plane. The software then detected the LA endocardium and
he examiner selected a default thickness for the LA myocardium
2–3 mm)  to deﬁne the LA epicardium. After the endocardial and
picardial contours had been selected, the system performed the
all motion tracking analysis throughout the entire cardiac cycle.
he selection of the LA shape is semi-automatic and the tracking
rocess is automated. The examiner was able to adjust the results
f the tracking process when needed. 3D-STE was performed on
he complete LA myocardium using the 3D data set. Thousands
f tracking points on the reconstructed surfaces of the LA endo-
ardium and epicardium were tracked and time–LA volume curves
ere constructed from these results.
easurement of LA volume and function by 3D-CT
CT imaging was performed with a 64-slice CT scanner (Aquil-
on TSX-101A 64 rows, Toshiba Medical Systems, Tokyo, Japan).
adiographic contrast (100 ml  of iopamidol, iodine 370 mg/ml) was
njected intravenously at a ﬂow rate of 3–5 ml/s (0.07 ml/kg/s)
hen there was 50 HU in the descending aorta, followed by 20 ml
f a saline bolus. Beta blockers were not used for the CT imag-
ng. Image reconstruction was performed by a personal computer
hat was a part of the CT system, and LA volume was automati-
ally calculated by computer software (Virtual Press, AZE, Tokyo,
apan), excluding the LA appendage and pulmonary vein as pre-
iously reported [2]. Maximum LA volume, pre-atrial contraction
olume, and minimum LA volume were measured using retrospec-
ive gating at the end of T wave, at the onset of P wave, and at the
nset of QRS wave in continuous electrocardiography monitoring
uring CT acquisition with a time resolution of 50 ms  (20 phases/s),
espectively (Fig. 2). The effective slice thickness was 0.5 mm and
28 slices were used for the measurement of LA volume.
eproducibility of LA volume and function by 3D-STE
We  determined the interobserver variability of maximum LA
olume measured by STE in 30 patients with chest pain or discom-
ort. Thirty randomly selected recordings were measured by two
bservers using 3D-STE in a blinded manner. Likewise, we  deter-
ined the intraobserver variability of maximum LA volume in the
ame 30 recordings that were measured twice by one observer at
 7-day interval using 3D-STE.tatistical analysis
Data are expressed as the mean ± one standard deviation. Sim-
le linear regression analyses were performed to determine theFig. 2. Representative image of the measurement of left atrial volume by
three-dimensional computed tomography. 3D-CT, three-dimensional computed
tomography; LA, left atrial; EF, emptying function.
relationship between LA volume and function measured by 3D-CT
and STE. The degrees of agreement between 3D-CT and STE in LA
volume and function were assessed using Bland–Altman plots. All
statistical analyses were performed using Stat View version 5.0 (SAS
Institution Inc., Cary, NC, USA). A p-value < 0.05 was  considered to
be signiﬁcant.
Results
Reliability of 2D-STE and 3D-STE
The patients’ clinical and echocardiographic characteristics
are listed in Table 1. The LA phasic volume and function wereData are presented as mean ± SD or as number (percentage). BSA, body surface
area; BP, blood pressure; LV, left ventricular; LVEF, left ventricular ejection frac-
tion; E/e′ , the ratio of transmitral inﬂow velocity to mitral tissue velocity; LAD, left
atrial diameter.
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aig. 3. Comparison of left atrial volume and function between three-dimensional co
imensional speckle tracking echocardiography in the apical two- and four-chamb
peckle  tracking echocardiography; 2D-STE, two-dimensional speckle tracking echo
unction; 2CV, two-chamber view; 4CV, four-chamber view.
hasic function measured by 3D-CT and those measured by 3D-STE
r = 0.85–0.88, p < 0.001). There was a better agreement between
D-STE and 3D-CT in the assessment of LA phasic volumes and
unction than between 2D-STE in apical 2- and 4-chamber view
nd 3D-CT (Figs. 3 and 4). Bland–Altman plots between 3D-STE
nd 3D-CT and between 2D-STE and 3D-CT in LA phasic volume
nd function are shown in Fig. 4.ed tomography and three-dimensional speckle tracking echocardiography or two-
ws. 3D-CT, three-dimensional computed tomography; 3D-STE, three-dimensional
ography; LA, left atrial; LAV, left atrial volume; AC, atrial contraction; EF, emptying
Reproducibility of 3D-STE
The intraobserver correlation coefﬁcient and variability in
maximum LA volume assessed by 3D-STE were 0.99 and 1.4 ± 6.0%,
respectively. The interobserver correlation coefﬁcient and
variability in maximum LA volume assessed by 3D-STE were
0.99 and 0.2 ± 4.5%, respectively.
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Fig. 4. Bland–Altman analysis of left atrial volume and function between three-dimensional computed tomography and three-dimensional speckle tracking echocardiography
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iscussion
The present study is the ﬁrst study to assess LA structure and
unction using 3D-STE. We  validated the accuracy of 3D-STE for
he evaluation of LA volume and function by comparison with 3D-
T. This study demonstrated that 3D-STE had better accuracy than
D-STE for the evaluation of LA volume and function.
A volume and function evaluated by STE
Three-dimensional imaging represents one of the latest and
ost signiﬁcant developments in the ﬁeld of echocardiography,
nd this technique improves the accuracy of the echocardiographic
valuation of cardiac chamber volumes [11–17]. Owing to this
evelopment, there are several reports on the measurement of LA
hasic volume and function using conventional 3D echocardiog-
aphy as well as 2D-STE [2,3,18–21]. Rohner et al. demonstrated
hat LA volumes and LAEF, as assessed by conventional 3D echocar-
iography, correlated well with the CT measurements (r = 0.92
nd r = 0.82, p < 0.001, respectively) [22]. Recently, Mochizuki et al.
eported that LA strain and synchrony could be assessed using 3D-
TE with excellent reproducibility and how 3D-STE parameters are
odiﬁed by AF [23]. However, there has been no study validat-
ng accuracy in the measurement of LA volume and function using
D-STE. It is very important to accurately assess not only LA pha-
ic volume but also LA phasic function, since LA enlargement and
educed LA function as assessed by echocardiography is a robust
redictor of cardiovascular outcomes [1,2,24,25].
LA function consists of a reservoir function during LV systole,
onduit function during early diastole, and booster pump function
uring late diastole [26]. These three functions can be assessed as
A total EF, LA passive EF, and LA active EF using STE in routine
linical practice. As LV ﬁlling pressure progressively increases with
dvancing diastolic dysfunction, the LA serves predominantly as a
onduit [2,4]. Thus, it is important to evaluate LA phasic function in
etail because LA phasic function is directly inﬂuenced by LV dia-
tolic function. We  compared the accuracy of the measurement of
A volume and function between 2D-STE and 3D-STE, with 3D-CT
erving as a gold standard. The present study demonstrated that
D-STE had a better agreement with 3D-CT than 2D-STE. In addi-
ion, this study demonstrated that LA phasic volume and function
ould be easily and rapidly assessed using 3D-STE in routine clinical
ractice.
In the present study, the maximum LA volume measured by
D-STE was systematically smaller than that measured by CT by
.04 ml/m2 and produced bias between them. The volume sur-
ounded by the mitral valve and mitral annular plane were included
n the LA volume by the CT measurement, however, those were not
ncluded by the STE measurement. This might be the major reason
f disagreements between the two methods.
tudy limitations
There were several limitations in the present study. First,
D-STE has shortcomings such as low temporal resolution and
andom noise that affect the ability to track speckles during the
ardiac cycle [13]. Improvement of the temporal resolution of
D-STE could improve the accuracy of the measurement. Second,
he time resolution of 3D-CT was 50 ms  (20 phases/s) in the present
tudy. Therefore, time intervals of phases were approximately
7 phases/cardiac cycle when the heart rate was 70 beats/s.
ower time resolution results in smaller maximum volume and
arger minimum volume than those measured with greater time
esolution. To ensure accurate quantiﬁcation of cardiac volumes,
econstruction at time intervals smaller than 5% of the RR-interval
>20 phases/cardiac cycle) was recommended [27]. Third, we
[iology 62 (2013) 188–194 193
evaluated only a small number of patients using 3D-STE and 3D-CT
because patients who need to undergo 3D-CT were limited. Evalu-
ation of LA volume and function using 3D-STE in a large number of
patients will be required in the future, including a validation study
comparing 3D-STE with magnetic resonance imaging.
Conclusions
LA phasic volume and function were easily and accurately
assessed by time–LA volume curve constructed using 3D-STE.
3D-STE was  more accurate than 2D-STE for the quantitative mea-
surement of LA volume and function and is a promising method to
evaluate LA structure and function.
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